Modification of a previously described rotational unipolar induction experiment leads to a rectilinear version of the same, in which the induction of an electromotive force can be obtained independently of the relative motion between magnet and conductor, even when both are moving in a straight line. This experiment seems to contradict the usual relativistic canon that motional electromagnetic induction always requires relative motion between conductors and magnets. The theoretical and practical consequences of the new experiment are discussed.
I. INTRODUCTION

I
N 1905, Einstein categorically stated at the beginning of his famous Special Relativity paper [1] that the phenomenon of electromagnetic induction only depends upon the relative motion between a magnet and a conductor. This relativistic canon has been substantiated, indeed, by more than a century of electrical engineering practice, in which all rotating machinery, motors, and generators alike require such relative motion between a rotor and a stator.
In a previous publication [2] , however, the very much debated phenomenon of unipolar induction, discovered by Faraday [3] in 1832, was revisited. By introducing two convenient modifications of the said experiment, it was possible to pinpoint the conditions whereby relative motion is needed, or not needed, to generate a motional electromotive force (EMF) either in a rotating system or in a rectilinearly translating one.
The experimental strategy employed in [2] included a comparison of three different ways of obtaining the induction. Fig. 1 shows a summary of the three situations: 1) in rotation; 2) in translation; and 3) in a hybrid combination of rotation translation.
The gray-shaded objects in the figure are all ceramic magnets, in which the magnetic B field is perpendicular to the page in all cases. Hence, the polarity in those areas is all the same, say a North B field (such is the prerogative of oriented ceramic magnets). Fig. 1(a) shows the rotational case in which a cylindrical (or ring) magnet (seen at the top in the figure) rotates together with an insulated conductor IR laid along the radial direction of the cylinder or ring. An EMF (or potential difference) across IR is observed not only when IR rotates by itself as indicated by the arrow, but also when both the IR and the magnet rotate together (i.e., without relative motion). This experiment is a modification of Faraday's unipolar inductor mentioned above [3] , in which Faraday could induce a voltage across the radius of a copper disk even when both the disk and a coaxially placed cylindrical magnet under the disk were rotating together. This remarkable phenomenon was called unipolar induction by Weber (the engineer, not the physicist), and was the subject of many debates in the last 180 years, as described in [2] . Its modern descendant is the homopolar generator. Fig. 1(b) shows the case of a rectangular ceramic magnet comoving rectilinearly with a transversally placed wire IR. In this case, no net-induced voltage results along the wire. This null result is in harmony with the above-mentioned relativistic canon requiring relative motion between the magnet and the wire for induction to occur. No relative motion, no induction.
0018-9464 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1(c) shows a hybrid case in which a rectangular magnet (RM) is not translated rectilinearly as in Case B, but is rotated about its center of symmetry together with the wire IR laid as shown. Here, the induced voltage is neither zero as in Case B nor fully positive as in Case A. The induced voltage has an intermediate value between the two previous cases and is, indeed, proportional to the radius of the inscribed circle within the rectangle [shown by the dashed line in Fig. 1(c) ]. This indicates that only the inscribed cylindrical portion of the magnet behaves like the rotating unipolar inductor of Fig. 1(a) .
The conclusion proposed in [2] was that the edge of a moving magnet is the crucial factor in deciding when motional induction can occur without relative motion between the magnet and the conductor, and when it cannot.
Thus, induction without relative motion between conductor (IR) and magnet can occur in Case A, because here the edge of the cylinder or ring is moving tangentially to itself and no magnetic changes (d B/dt) occur anywhere in the universe due to this motion. In contrast, in Case B, the leading and trailing edges of the magnet are moving perpendicularly to themselves and produce vigorous magnetic storms (d B/dt) next to them. In Case C, only that portion of the magnet that behaves like a continuous ring or cylinder (dashed line circle) contributes to the induced EMF. The rest of the magnet, beyond the inscribed circle, has edges that translate perpendicularly into themselves. Hence, they are not conducive to induction, or at least not totally so. This hypothetical conclusion, called the edge effect theory in [2] , was quantitatively supported by calculating the magnetic storms (d B/dt) produced at the edge of a magnet by convection when it moves transversally with respect to the edge direction. The calculations included the use of the convective derivative, (v · ∇)B, and Dirac's delta function. Alternatively, application of Faraday-Maxwell's flux law led to the same results.
The question then presents itself as to the possibility of translating a magnet rectilinearly and yet avoiding the magnetic storms at its leading and trailing edges. With a finite RM, this is obviously not possible. However, mimicking an infinite edgeless magnet in the form of a continuous endless belt or as a race-track configuration, the transversal edges can be avoided. After trying both possibilities, it was found that the race-track configuration is easier to handle with commercially available solid ceramic magnets. The way to construct this race-track system is described in Section III.
II. THEORY
The calculation of the expected induced EMF in the rectilinear motional case is much simpler than in the rotational one. It is given by the well-known formula
where v is the velocity of a conductor of length L moving in the presence of a magnetic field B. When the three (boldface) vectors are mutually perpendicular, the formula further reduces to EMF = BvL. Simple as it is mathematically, the Bv L formula has some history of perplexities concerning the physical interpretation of the velocity term v. Is it relative or absolute? And if relative, relative with respect to what? To the magnetic field B? To the source of the field (the magnet)? To the frame of the laboratory observer? A sophisticated wording of the latter version reads: the velocity is relative with respect to the frame, in which B is measured as B. The problem gets compounded when relativists extend the meaning of frame of reference to that of any imaginary observer which potentially can exist at any point of the universe and mounts a platform with any convenient velocity as desired, provided the platform is an inertial frame.
Adopting a purely experimental attitude, the previous questions will be eluded by simply choosing the laboratory frame as the frame, inertial or not (since the earth moves in a circular orbit), and by establishing a comparison, as done in [2] , between magnets that have edges, moving perpendicularly to themselves, and magnets where the perpendicular edges have been eliminated. Then, after the experimental facts, the discussion at the end can proceed to interpret, or reinterpret, the meaning of the velocity term v and the issue of relativity.
The relevance of this interpretation impinges, as in [2] , on the applicability, or not, of special relativistic electrodynamics. If a relative velocity is required to exist between a conductor IR and the magnets, as stated by Einstein [1] in 1905, we will see that such interpretation is contradicted by the experiments. The rectilinearly moving magnets can comove with a wire IR, and still produce a positive EMF. No relative motion is needed.
However, going beyond Einstein's statement, other theorists, like Panofsky and Phillips [4] , stipulate that relativistic electrodynamics should be applied as a pure field theory, which means, for them, that the phenomena "must be describable in terms of the behavior of the field quantities alone, independent of the nature of the mechanism, which produces the field quantities." Hence, "whether the source of B is stationary or is in motion is entirely irrelevant." This means that the source of the B field (the magnet) and its motion, edges, or lack of edges, can be ignored. Only the intensity of the B field counts, and only the intensity at the point where a test charge, or a wire element is placed, counts. Anything beyond this point should be ignored according to them.
It is a purpose of this paper, if not the main one, to show that ignoring the distant magnetic edges beyond the relevant field points can have dramatic consequences, both in theory (it misrepresents the facts) and in practice: action and reaction forces taking place between the test charge or wire and the sources of the field (the magnets or coils, or superconductors) can destroy the physical stability of the system. Even plasma instabilities and the historical failure to finally achieve thermonuclear hydrogen fusion might be connected to the edge effects microscopically operating inside low-density plasma beams.
Another point of concern in this paper is the nature, inertial or noninertial, of the motions employed. In the Abstract above, it is specified that the motion is rectilinear. However, due to space limitations, the motions will be also oscillatory, as done in [2] , requiring the need to start and stop the motion along its track with some velocity v. It is possible that the velocity is constant only during very brief periods of time and this has to be monitored experimentally. However, regardless of the constancy or the necessary variation of this velocity, it will be shown that the induced EMFs are entirely dependent only on the velocity, v, as predicted by (1), and not on the acceleration of the system.
No efforts have been spared to demonstrate this causal connection with v. Therefore, the induction effects will be replicated using a differentiating amplifier that converts changing positions into velocities, exactly as the induction converts velocities into EMFs. The method will be described as follows.
III. METHODOLOGY
A. Design and Operation of a Magnetic System Capable of Moving Rectilinearly and Having No Edges Perpendicular to the Motion
With ceramic magnets, there is an approximate way of mimicking a continuous race-track configuration, even though the magnets are rigid by nature. The construction of such a system can be illustrated, as shown in Fig. 2 , in which all grayshaded objects are magnets lying on the horizontal plane and whose B fields are perpendicular to the plane, just as in Fig. 1 . The first step is to cut a ring ceramic magnet in half as indicated by the dashed line in Fig. 2 (a) (special saws are needed for this operation). Then, the two halves are separated a convenient distance apart [ Fig. 2(b) ] so that two rectangular ceramic magnets, RM, can be inserted in between [ Fig. 2(c) ]. Since the magnets are solid they cannot flow along the race track. However, if small gaps are created between the semicircular magnets and the rectangular ones, it is possible to at least oscillate the system, as shown in Fig. 2(d) and (e). The small gaps will distort into wedge-shaped gaps, as shown in those figures. Admittedly, this distortion and the presence of the gaps itself, might prove deleterious for the EMF that is expected to occur. Yet, no total cancellation will happen since the edge effect will be substantially minimized at the two ends of the RMs by the close presence of the opposite edges of the semicircular magnets. The transversal conductor IR will comove with the lower magnet from one side to the other of its central position, marked in Fig. 2 by a vertical dashed line.
The system of Fig. 2 is, of course, completed in the third dimension by stacking several magnet layers on top of each other, as shown in Fig. 3 . This figure also shows how the system is enclosed within four mild steel plates H , J , K , and L, as done in [2] , so that the B field lines are confined inside the magnets and the plates. This magnetic confinement is an essential requisite of the experiment as also proven in [2] .
A rectangular circuit, ECRI, is made of very thin but sturdy insulated wire. By creating a gap between two of the magnetic layers, the side IR of the circuit can be inserted through the gap.
It is in this branch, the only one that feels the B field, where EMF inductions, if any, will occur. Usage of the letters IR for internal radius and ECR for external connector follows the usage in [2] , even though IR is not really a radius anymore.
To move the magnets, a wooden and aluminum structure is designed to be the floor of the system, as shown in Fig. 4(a) . The whole system is laid on a wooden platform W , 35 in × 12 in × 1 in, (the horizontal dimension has been shortened in the figure, to fit the page). The horizontal bars, B1 and B2, slide left to right when the transversal handle, SS, is slightly oscillated around axis O, as indicated by the double arrows. The aluminum sheets, 1, 2, and 3, are hinged to B1 and B2 at the black dots, and to the bottom plate K at Points O1 and O2, which are the geometrical centers of the semicircular magnets. In this way, all sheets partake of the oscillatory movements of B1 and B2, carrying the overlying magnets (dashed lines) which then move, as indicated in Fig. 2(d) and (e). The stops T 1 and T 2 are positioned to control the oscillations within very precise limits. (b) Front view of the system, showing the four iron plates, H , J , K , and L, the RMs, RM (three altogether), and the 12 semicircular ones, CM, (six at each side). Bars B1 and B2 of the top figure slide over four rolling balls inserted between the bars and the wooden platform. The insulated wire circuit, ECRI, is shown in some perspective. Its transversal portion, IR, is inserted through a horizontal 3 mm gap that separates the higher two layers of magnets from the lower one. IR is pasted to a wooden block which can slide left to right as indicated by the double arrow. Motion of the block is effected by a pulley system, P2, which can oscillate between stops T 1 and T 2, and which communicates its motion to the block (and IR) through a very tight elastic string (wavy lines). P1 is a 5 k variable resistor whose shaft O is used as the mechanical axis to oscillate SS in the top figure. By locking the P1O shaft to SS with a pressure screw, the oscillations produce a corresponding resistance variation in the variable potentiometer. Feeding a dc 9 V current into P1, a variable voltage can be drawn from its central pin, which replicates the mechanical oscillations. Likewise, P2 is another 5 k potentiometer that converts the mechanical oscillations of IR into a variable voltage signal (P2 is actually positioned in a vertical direction, like P1, but for visual clarity of the pulley system, it is represented perpendicular to the plane of the figure). Finally, Point E of the ECRI circuit is attached to a wooden block, which in turn is also firmly attached to the upper iron plate H . The block has two electrical connectors, from which the signal is delivered to the measuring system.
The magnets (dashed lines) are laid above three thin aluminum sheets (1, 2, and 3), which in turn are laid above the bottom iron plate K of Fig. 3 . The whole thing lies on a big rectangular wooden base W .
The aluminum sheets are hinged [black dots in Fig. 4 (a)] on two horizontal wooden bars, B1 and B2, which in turn are hinged to a transversal wooden bar SS. When the operator moves SS in an oscillatory fashion around Pin O, as shown by the double arrows, the horizontal bars move in opposite directions carrying the magnets (dashed lines) that are laid over the aluminum sheets. Hence, the magnets move rectilinearly, back and forth, as shown in Fig. 2(d) and (e), and the semicircular magnets slightly rotate around Pins O1 and O2 of Fig. 4(a) . Fig. 4 (b) shows more details of the system: the RMs, the semicircular magnets (CM), the circuit ECRI (in slight perspective), and the two wooden blocks-one to move IR and another to attach Point E of the circuit and the electrical connectors from which the signal exits to the detecting meters (more details are given in the legend of Fig. 4) .
B. Detailed Measurement Techniques and Additional Experimental Details
A novelty introduced in this paper, which was not present in [2] , is a way to monitor the motions of the system. As described in Fig. 4 (b), P1 and P2 are two 5 k variable resistors whose shafts act as mechanical axes of the oscillations. Hence, by locking the shafts to the oscillations of SS about O and of the pulley P2 about its axis (which is the shaft of the potentiometer), a variable voltage can be drawn from the central pin of the potentiometers when fed with a 9 V dc battery across the outer pins. The correlation between these voltages and the positions of the system is practically linear, especially for small oscillations.
These oscillations were manually controlled with a period of 1 s, as in [2] , in synchrony with an acoustic metronome. The linear displacements thus produced, either of IR and/or the magnets, were much smaller than in [2] , and were kept ∼3 mm in all cases. The reason for this limited range is to avoid too big a distortion of the gaps between the RM and the CM magnets shown in Fig. 2 .
The limited displacements considerably reduced the intensity of the EMF expected by the linear motion of IR within the magnetic gap. Given the average intensity of the B field within the gap, which was 2110 ± 31 G, as measured with a teslameter from Tel-Atomic Inc. and assuming an average velocity of 3 mm/0.5 s (i.e., v = 0.006 m/s), the expected average EMF for an IR of effective length 27 mm was EMF = Bv L = 0.2110 × 0.006 × 0.027 = 0.0000342 V or 34.2 μV. This minute voltage obviously requires amplification. Hence, the same detecting and recording system as in [2] was used, but this time with an overall gain factor of ∼2000×. Fig. 5 shows the details of the measuring and recording system.
The value of capacitor C in Fig. 5 had considerable influence on the peak intensities and shapes of the voltage curves observed. Its presence, however, was absolutely necessary in order to minimize unwarranted electronic noises due to line fluctuations and/or electrostatic blips due to friction.
The experimental protocol used in this paper is simpler than in [2] and consists of only three cases:
Case 1: motion of IR alone; Case 2: motion of the magnets alone; Case 3: motion of IR together with the magnets. connected from E to a Keithley Electrometer, KE. From here the signal goes to a recording laptop acting as a virtual oscilloscope through an interfacer (a Velleman compuscope, VE-CS). The latter has two channels. One is used for the KE output signal and the other for the output voltage from a potentiometer P whose variations are proportional to the mechanical displacements of the IR branch and/or the magnets. The capacitor C, in parallel with the electrometer's output signal, is essential to minimize electronic noises. Several C values were used, from 1 to 22 μF.
No motion of the external connector ECR was deemed necessary, since, as shown in [2] , no EMF is produced by moving ECR, which lies in a zero B field region. This being so no mercury cup was used at R, but simply a very thin wire connection, which having a springy behavior, allows continuity of the circuit without hindering the motion of IR.
To establish continuity with [2] and to emphasize the importance of the edge effect, the same comparative experimental strategy used in [2] was followed here, namely, to perform the three motional cases mentioned above for the complete racetrack system (in which all perpendicular edges are avoided), and also with an isolated set of the three front RMs (F-RMs) [RM in Fig. 4(b) ], in which the transversal edges are still present.
Seen from the top, the two experimental configurations used are as illustrated in the sketches of Fig. 6(a) and (b) . Fig. 6(c) shows the extra loops, 1, 2, and 3 needed to compensate for the variable reluctance effect that takes place when the magnets of Fig. 6 (b) move horizontally in oscillatory fashion. In [2] , a single-loop 3 was enough for this compensation, which is necessary in order to isolate the pure motional induction effect at IR from the concomitant transformer induction effect picked up by the whole circuit ECRI, in which IR is a part. In the case of Fig. 6(c) , the compensation required additional loops 1 and 2, due to the asymmetric pattern of the B field lines spreading along the top iron plate of the system before they descend through the lateral walls (××× in the figure). By no means the dashed lines in Fig. 6 (c) pretend to map the exact distribution of field lines, but are drawn only to convey an approximate idea of their nonhomogeneous distribution. This made the selection and setting of the loops a matter of experimental trial and error, as described in Section IV.
Other experimental details worth mentioning are the following. To create the equatorial gap between the lower layer of magnets and the upper ones, a convenient number of plasticized sheets of paper was used. The gap between the magnets and the upper iron plate H is also snuggly filled with a number of those sheets in order to ease the sliding motion of the magnets against the plate H.
Finally, it is important to note that the magnets are easily assembled into several layers by pairing the opposite North and South polarities of each long surface one on top of the other. It is immaterial whether all magnetic fields point up or down (in this paper, all were pointing up). When this is done, however, the RM and the CM groups repel each other at the edges where they meet. This is so because, as a consequence of the previous general alignment of the B fields upward, the equivalent Amperian currents run in antiparallel directions at all edges in the gaps. The system, therefore, tends to expand, and some means are necessary to hold the magnets back together. In this paper, a twisted wire along the central (equatorial) level of the system was used and tightened so as to hold the magnets in place. To ensure that the gaps will not be distorted by lateral dislocation several pieces of electrical (black) tape were used to seal the gaps. The flexible nature of the tape does not hinder the small (horizontal) oscillations of the system as needed for motional induction to occur.
To further assure the stability of the system, a wooden piece in the form of a thick letter H was inserted inside the race track, to hold the F-RM and back RM (B-RM) columns at a fixed distance. The central vertical branch of the circuit, IE, snuggly passed through a flexible plastic tube, which in turn exited the plate H through a circular hole at the top (Fig. 3) . Side CR was kept motionless by pasting it to a very thin aluminum sheet, which in turn was attached to the upper wooden block.
C. Simulation of the Induced EMFs With a Differentiating Operational Amplifier
As mentioned in Section II, it is important to show that the obtained EMFs are proportional to the linear velocity of the system through (1). In this sense, the induction process can be considered as a transducer: it converts the linear displacement x of the IR wire into output voltage signals, which are proportional to the velocity of the motion. Since velocity is the time derivative of the displacements, this effect can be simulated with a differentiating amplifier. Thus, by feeding the output signals of the position potentiometers, P1 or P2 of Fig. 4(b) , into the inverting input of a differentiator, the resulting output voltage should have a time curve proportional to v = dx/dt and, hence, should be very similar to the output voltage curves of the induced EMFs.
To this purpose, a simple 741 op-amp was configured as a differentiator, having input capacitance C i and a feedback resistor R f [ Fig. 7(a)] .
A capacitor C o is added in parallel with the feedback resistor R f . This is a standard practice when using a differentiator, in order to minimize high-frequency noise instabilities. However, here, it will also play the role of mimicking the effect of the output capacitor C in the detecting system of Fig. 5 .
An equivalent circuit of the signal plus detecting meter is given in Fig. 7(b) . After some hesitation on how to model this circuit, the final configuration, a three-branch RC R parallel combination, was selected only after seeing its agreement with the experimental results.
The induced voltage ε(t) = BvL in Fig. 7 was slightly variable in time, except for some small time intervals in which occasionally v was constant. In general, the velocity was experimentally found to follow v = 2at − b, where a and b are empirical parameters as will be shown under results. In reality, b is very small compared with a so the practical form of the voltage will be taken as
where K is the constant factor 2B La and has units of volt per second.
The theory for the RC R circuit can be directly obtained from the classical Kirchoff equations. Thus, the junction equation at the capacitor branch is
where the subscripts s, c, and o mean source, capacitor, and output, respectively. The Kirchoff voltage equation around the outer loop is
and around the right-side loop is
where q is the instantaneous charge stored in capacitor C.
To solve the system of (3)- (5), we first differentiate
Therefore
Plugging (6b) into (3) and combining the result with (4) finally yields
where R E = R 0 R S /(R 0 + R S ) (i.e., the equivalent resistance of the parallel system). Equation (7) is a simple first-order differential equation but, unfortunately, the variables i o and t cannot be separated. The solution for i o and hence for the output voltage
Similarly, for the source resistor
From (8), it is seen that the effect of the capacitor C is to decrease the output voltage V 0 and to increase the input V S (see the signs after t in the bracket terms). This is so because the capacitor tends to short circuit the output branch, especially at the beginning of the voltage pulse. For purposes of comparing the previous equations with the experimental data, it is convenient to express R 0 as a factor of R S , namely, R 0 = f R S .
Then, (8a) can be rewritten as
IV. RESULTS
A. Basic Results
Figs. 8 and 9 present the basic induction results experimentally obtained: in Fig. 8 , with the fully edgeless magnetic race-track configuration, and in Fig. 9 , with the isolated set of RMs still having transversal edges. In both cases, the three compensating loops of Fig. 6(c) were included. Tables I and II collect the corresponding quantitative (peak-to-peak) values. The output capacitor used was 5 μF in all cases.
The curves of Fig. 8 are almost a perfect replica of the results obtained in [2] for the rotating cylindrical magnets. Motion of IR alone [ Fig. 8(A) ] always yields a positive EMF, regardless of the magnetic configuration. Motion of the magnets alone [ Fig. 8(B) ] yields zero EMF, because of the absence of transversally moving edges, exactly as in the cylindrical rotating case. Then, motion of IR plus the magnets [ Fig. 8(C) and (D) ] yields practically the same results as motion of IR alone [ Fig. 8(A) ], since the edgeless magnets contribute nothing to the induced EMF. No relative motion is needed for this EMF to occur, thus contradicting the relativistic requirement of relative motion. Fig. 8(D) was obtained by removing the compensating loops. The peaks were identical to those of Fig. 8(C) , thus showing that the loops are unnecessary in this case (since the edgeless magnets produce no variable reluctance effect when moving). The quantitative (peak-to-peak) values for the previous results are collected in Table I . Fig. 9 , the same three cases are reported, as in Fig. 8 , but now the results of curves (B) and (C) are dramatically reverted compared with those of Fig. 8 . This is due to the presence of transversal magnetic edges. Thus, motion of the magnets alone [ Fig. 9(B) ] now yields nonzero EMFs, the values being almost exactly the negative ones of those obtained with the motion of IR alone [ Fig. 9(A) ]. Hence, motion of IR plus magnets should yield a quasi-zero result, due to the addition (and cancellation) of curves (A) and (B). In addition, indeed, this is the case, [ Fig. 9(C) ] in agreement with relativistic electrodynamics.
The quantitative values for the curves of Fig. 9 are collected in Table II .
The quasi-zero result of Fig. 9 (C) was possible because of the compensating loops, 1, 2, and 3 shown in Fig. 6(c) . As mentioned above, the loops were selected through an experimental trial-and-error process in order to comply with relativistic electrodynamics requiring a zero value when magnets RM and conductor IR move together. Hence, knowing that IR moving alone produces a voltage of 472 mV [ Fig. 9 (A) and Table II ] three loops were necessary to make the moving RM to induce an equivalent (but negative) EMF of −472 mV. The individually measured inductions, when RM moves alone, were as indicated in Table III. Loop 3 had to be connected in reverse (i.e., adding its voltage, not subtracting it) to obtain a total effect of −471 mV. No appreciable lag of phases was noted between the loop EMF and the RM motional effect. This is so because the change in reluctance was a linear function of the magnet's position just as the Bv L induction depends linearly on it.
The two-shoulder structure observed in all the peaks of Figs. 8 and 9, in which the left shoulder is usually lower than the right one, is due to the presence of the output capacitor, as will be explained below in Section IV-C.
B. Electronic Simulation of the Induced Voltages
Using the methodology described in Section III-C, the graphs of Fig. 10 were obtained. In this figure, the leftside graphs correspond to various race-track configuration induction experiments under the conditions described in the legend. The right-side graphs are the corresponding simulations obtained with the differentiating op-amp of Fig. 7(a) . The vertical scales are all different and were on purpose selected to show the analogy of the right-and left-side curves. No attempt was made to replicate the exact peak-to-peak value of the voltages, since the simulated curves are based on arbitrary voltage inputs, coming from the positioning potentiometers P1 and P2 of Fig. 4(b) . These voltages are simply indicators of the horizontal x positions of the moving element in each case, and are depicted under each left-side curve and marked with an x. By differentiating these position-voltage curves, the op-amp yields output voltages proportional to the instantaneous velocity v in each case, and hence, proportional to the induced voltages, BvL. Again, this proves that the voltages are a function of velocity, not of acceleration.
The variety of shapes and peak values of the curves in Fig. 10 is entirely dependent upon the output capacitor used in each case. On purpose three capacitor values were used to illustrate the point: for capacitors of 1, 5, and 22 μF, the respective peak-to-peak voltages were, on average, 780, 580, and 140 mV, i.e., the voltage decreased with increasing capacitance as expected from (9) above [notice that curve A1 in Fig. 10 had the biggest peak voltages, although they appear smaller, due to the less sensitive scale used (500 mV/div)].
Concerning the shapes, and especially the two-shoulder structure of curves B, a more detailed analysis has to be made as follows.
C. Mathematical Modeling of the Induced Voltages
The induced voltage curves were analyzed as consisting of four piecewise domains, labeled A, B, C, and D in Fig. 11 . The top curve in this figure is a typical x-position curve, and the bottom one is the corresponding induced voltage curve for a case, in which the IR and the race-track magnets moved together. The domains are delimited by vertical dashed lines showing the coincidence points of both graphs. In reality, the zero voltage value for the bottom curve lies around the middle of the curve (≈280 mV), which is the stand-by reading before any motion occurs. Examples of this initial reading can be seen in all induction curves of Fig. 10 , at their leftmost side. In particular, the second peak of curve B1 and its corresponding x-position curve, tells a story similar to that of Fig. 11 .
Thus, in phase A, the system is resting at the x = 0 position during 0.29 s. while the 5 μF capacitor passively looses the charge acquired from the previous negative voltage step. In B, the system moves to x = 3 mm during 0.21 s. This is the power stroke of the process, charging the capacitor to a maximum positive voltage. During C, the system again rests for 0.29 s, while the capacitor passively discharges and looses the previous positive voltage. Finally, in D, the system returns to x = 0, while the induced voltage is forced to the same negative value it had at the beginning when t = 0.
The modeling procedure consisted, first, in fitting the position values of the top (trapezoidal) curve of Fig. 11 (the up and down sides), to an empirical equation of the form
where the value of the parameters a, b, and c are given in the legend of Fig. 11 .
From (10), we see that v = 2at + b. Since b 2a then v ≈ 2at as indicated in Section III-C above to obtain the value of the constant K = 2a B L, which appears in the final expression (9) to predict the induced voltages. It should be noted that the highest position points in domain B (upper curve) are very close to a straight line, thus implying a constant velocity. In that case, the corresponding higher voltage points in domain B (lower curve) should be a flat curve. This is not observed because of the concomitant capacitor charging process. Only when the capacitance C is very low, the flat voltage curve might appear (as described later).
Next, by conveniently adjusting the free parameter f in (9) to a value of 1.1 and using the values of R and C indicated in the legend of Fig. 11 the induced voltages predicted by (9) are plotted as the solid lines of domains B (up voltage) and D (down voltage) in Fig. 11 .
The agreement with the experimental points seems very good. There was a gap, however, between the A and the B domains, which was hard to predict theoretically, around t = 0.25-0.28 s, and a more severe one between the C and the D domains, around t = 0.74-0.80 s. These are the regions where the capacitive discharges abruptly meet the power strokes of the motionally induced voltages either going up or down. The uneven shoulders thus produced are the fortuitous result of the time constants of the capacitors used and the time allowed for the system to rest during capacitive discharge.
Hence, when the capacitor C is very small (1 μF), as in Fig. 10(A1) , the capacitor can discharge quickly before the next power stroke occurs. Hence, the zero voltage levels are easily achieved, and are seen as a horizontal line imaginarily traversing all the peaks. When the capacitance is bigger, as with the 5 μF in Fig. 11 , the time constant being ∼0.10 s (= 20 k × 5 μF) does not allow the capacitor to return to the zero voltage level (≈280 mV) before the upward power stroke occurs at t = 0.29 s. It would remain some 6% lower than this voltage. Coming from above, after the peak voltage is reached, the capacitor will then miss the 280 mV by some 6% above it. This explains why the left shoulders in the curves are always lower than the right ones.
In the case of the 22 μF capacitor, the voltage curves of Fig. 10(C1) show a very slow discharge rate. This is seen when the x-positions are flat. The corresponding capacitor discharge profiles are almost straight lines of small slope, certainly smaller than all the discharge slopes in curves A1 and B1.
In some peaks of Fig. 10(A1) , when C = 1 μF and discharge occurs quickly, it could happen that the quasiconstant velocities of the highest points of domain B (Fig. 11 ) mentioned before, manifest themselves as a flat-induced voltage curve. An example is shown in Fig. 12 , in which the time basis has been greatly expanded to 20 ms/div.
In Fig. 12 , we can see, at least during 60 ms (flat top voltage) that the motion was constant (straight line between b and c in the lower x plot).
V. DISCUSSION
We shall go back to the basic results of this paper and try to explain why, and how, the results of Fig. 9 and Table II , obtained with the limited set of RMs still having transversally moving edges, fully agree with the theoretical expectations of Special Relativity Theory, whereas those of Fig. 8 , and Table I , obtained with the full array of race-track magnets, having no transversally moving edges, seem to contradict the expected relativistic results.
Although the Bv L expression of (1) was presented above as the basic theory of this paper now we have to expand our starting point to the full Lorentz force
where v q is the velocity of a charge q in the presence of the fields E and B. By requiring the formal invariance of (11) when written for two relatively moving frames of reference, O and O , relativistic electrodynamics obtains the transformation equations of the E and B fields as follows [5] :
where V is the relative velocity between the frames and γ is the relativistic factor (1 − v 2 /c 2 ) −1/2 . In this paper, of course, γ = 1 in all cases, given the very small velocities used. Specializing to motions only in the x-direction and restricting the B field to the y-direction as done in this paper, the previous equations with γ = 1 can be written as
whose reciprocal equations are
The primed quantities are measured by an observer fixed to frame O and the unprimed quantities by one at O. The assignment of motion or no-motion to these observers is totally arbitrary, (since in relativity any frame can be said to be moving or at rest). However, to avoid confusion with the signs, it is useful to indicate who is moving and who is resting with respect to the physical objects involved (conductor IR and the magnets).
To this purpose, we can indulge in the practice of some physics textbooks [6] that use cartoons to personalize the otherwise imaginary observers and keep track of their locations and motions.
In Fig. 13 , observer O (called Teri) always remains fixed to the Lab, whereas O , (called Tom) will always be in the moving frame fixed to the moving objects.
In experiment (A), Case 1, Teri-O is fixed to the Lab and to the magnet. She measures the proper field values of the magnet as
Observer O (Tom) is fixed to the moving wire IR and must transform Teri's values using (14A) and (14B). Plugging her field values in (14) Tom-O gets
Now both observers must insert their field values into the Lorentz force (11) . For Teri-O, the charge q is moving with the relative velocity V x . Therefore, v q = V x and she gets from (11)
For Tom-O , the charge is not moving at all. Therefore, plugging his fields (16) in (11) with v q = 0, he obtains
The final Lorentz field E = F/q is, therefore, the same for both observers, namely
and by integrating it along z = L (see the axes in Fig. 13 ), the EMF becomes
as expected. The experimental value was 472 mV, as shown in Table II (Table II) .
while Teri-O calculates her nonproper values through (13), namely
Again, both observers plug their field values in (11) noting that now for O, v q = 0 (the wire is fixed to the Lab) and for O , v q = −V x because Tom sees the wire (and q) moving backward with respect to the magnet. Therefore, for O
Again, integrating the fields E along L, both observers obtain
leading to the experimental result of −473 mV, which is almost the exact negative of the previous 472 mV (Table II , Case 2). Finally, in experiment C, the conductor, magnet, and observer O all move together, while O still rests in the Lab as usual. They both get the same field values as in (19) for O , and as in (20A) and (20B) for O. The difference now arises when plugging these fields in (11) due to the values of v q .
For O, the v q is identical to that of the magnet and frame O , namely, V x . Therefore, she uses (20A) and (20B), and plugging into Lorentz (11), she gets
Tom-O uses (19) and the fact that for him v q = 0. He gets from (11)
Therefore, both observers, Tom and Teri, agree that now there is no net force and no induction. Einstein is right, exclaims Teri in the cartoon. No relative motion between IR and magnet, implies no induction. However, the way they both get this zero result is very different and instructive. For Tom-O , the zero result is trivial. He sees a B field, no E field, and no velocity at all. Thus, F = 0, trivially. For Teri-O, the situation is much more complicated. She gets zero by the cancellation of two opposite results. The −V x B y electric field, which is an entirely relativistic effect due to (20 A), (sometimes expressed saying that a moving magnet produces a negative v × B effect), and a positive (!) Lorentz effect, +V x B y due to the fact that she sees a charge q inside wire IR moving in a magnetic field B y , even when the magnet also moves with the charge and wire. Therefore, our question at the beginning: what is the meaning of v in the Lorentz force? is implicitly answered by relativity as the velocity with respect to an external observer that sees the charge moving in the presence of B, regardless of the motion, or no motion, of the sources of B (exactly as Panofsky and Phillips prescribed).
This completes our relativistic analysis of the experiments A, B, C with the finite set of RMs of Fig. 6(b) .
However, now comes the anticlimax. When Teri and Tom decide to repeat all three experiments, but using the continuous race-track magnets shown in Fig. 6(a) , they get results for Cases 2 and 3 of Table I , or curves (B), (C), of Fig. 8 , that are exactly the opposite of the corresponding relativistic results analyzed before. In particular, when in Case 3 relativity predicted zero EMF, because there is no relative motion between wire and magnet, now the result for Case 3 is positive, (456 mV) almost identical to the 454 mV obtained when only the wire moved with respect to the magnet (and the Lab). There is nothing the observers can do to fix the values and revert to the relativistic results. Why the discrepancy with special relativity here?
In [2] , this apparent violation of the relativistic predictions in Cases 2 and 3 was attributed to the absence of the transversal edges in the rotating cylindrical magnet. Now, we can attribute the same apparent violations to the same absence of transversal edges in the case of the race-track magnetic configuration. In [2] , however, the motion was rotational. Therefore, the special theory was not violated but simply declared to be nonapplicable. The General Theory of Relativity was then invoked as coming to the rescue in [7] .
Can we use the same arguments in this paper? Shall we say that special relativity is nonapplicable to the rectilinearly moving magnets when comoving with the IR wire (Case 3 of Table I ) and this simply because the motions used here are not strictly inertial, but accelerated back and forth?
The answer is no. Einstein himself applied his special theory in [1, Sec. 10] to develop the "Dynamics of the slowly accelerated electron." Misner, Thorne and Wheeler categorically stated in 1973 that "accelerated motion and accelerated observers can be analyzed using special relativity [8] ." Shall we resort to the General Theory of Relativity? Penrose [9] would say no: "To pass to General Relativity to handle acceleration … is completely wrong."
That the special theory can, and should, be applicable even to the quasi-inertial motions used in this paper is demonstrated by the agreement of the theory with the experiments done with the finite set of magnets, Fig. 9 and Table II . This agreement was explained throughout the last 23 equations previously written. However, then accepting this applicability, the theory fails to predict the correct results when the magnets have no transversal edges. In addition, this failure happened even in the one case, Fig. 12 , in which the motion was strictly inertial, at least during 60 ms.
Therefore, again, as mentioned in [2] , the crucial factor is not inertiality versus noninertiality, or rotation versus translation. Rather, we have to conclude that the crucial factor is the presence or absence of transversally moving magnetic edges, even when those edges are far away from the points where the conductor or the charge q are located. When the edges are absent, (in rotation or in race-track rectilinear motion), everything happens as if the magnetic field B did not move; indeed, as if the magnets did not move. Hence, induction can occur by the mere motion of IR, regardless of the motion of the magnets. Special Relativity is contradicted.
When the edges are present, everything happens as if the magnetic lines did move, firmly attached to the moving magnets. Therefore, then, motion of wire IR and magnet together results in no induction at all. The lack of relative motion takes full force here, and no induction is possible. Relativity is satisfied.
As mentioned in [2] , special relativity, being a field theory, and hence a local field theory (as all field theories are) cannot perceive the existence, or not, of the edges far away from the relevant field points, where the wire or charges are located.
In contrast, Faraday-Maxwell's law of induction, being a surface integral law, can take care of the far away edges and be in agreement with the results of paper [2] and, by extension, can explain all the experiments of this paper (demonstration of this point, however, would be too long to include here).
This contrast between relativity theory (blind to the edges) and Faraday's law, (aware of the edges) puts us in an uneasy collision track with the commonly accepted statement that Maxwell's equations have relativity built-in. In [10] , a paper published by the Russian Academy of Science in 1997, this contrast is developed in more detail.
Ultimately, however, we would have to leave drawing the consequences of this contrast (or frank disagreement) to the theoreticians and even to the philosophers of science or the like.
From a more engineering point of view, we can ask: what is the practical relevance of the experiments presented in this paper?
First, they convey a warning: the danger of adhering too strongly to a pure field theory, as stipulated in [4] , that tends to ignore the sources of the field, their motions and even their configuration.
Second, ignoring the sources might entail ignoring also the action and reaction forces that must always exist, following Newton's third law, between those sources and the charges or conductors placed at the relevant field points. In a particle accelerator, for example, in the Large Hadron Collider (LHC) in Geneva, there is a reciprocal force between the proton beams and the superconducting magnets of 260 000 N. That is 26.5 metric tons of centripetal force necessary to produce a circular trajectory for 650 trillion protons at almost the speed of light. Just 1 μm displacement due to the reaction forces on one of the superconducting wires could quench the magnet, through heating from friction. Fortunately, the engineers, which have to touch reality, know how to design the necessary mechanical protections for the field sources so that the system will not collapse under action/reaction forces. Yet, these forces have not always been successfully calculated and overcome. Fermilab engineers, for example, built three defective dipole magnets that later, in March 27, 2007, failed under a pressure test at the LHC in CERN [11] .
VI. CONCLUSION
From the experiments reported in this paper, we can conclude the following. 1) Whenever a magnet, of whatever shape, moves in such a way that no transversal edges move perpendicularly to themselves, an electric field v × B will be induced in a comoving conductor conveniently oriented. This applies to a rotating cylindrical magnet, as in [2] , and to the race-track magnets used in this paper. 2) On the contrary, if there are transversal magnetic edges, the comoving conductor will not receive a net induction. The edges, even at a distance from the conductor, will produce a negative −v × B field, which will cancel the positive v× B still operating in the conductor. The mathematical proof of this −v × B effect was given in [2] , where it was connected to the use of the total derivative d B/dt in Maxwell's equations, i.e., by not restricting the equations to the partial derivative ∂ B/∂t as introduced by Heaviside when reformulating Maxwell's equations and as done by practically all physicists today. 3) Consequently, in the latter case, (with edges present) relative motion is needed between conductor and magnet for induction to occur. 4) Special relativistic electrodynamics can also explain the cancellation effect of 2) by the relativistic transformation of the fields and is also in agreement with the relative motion prescribed in 3). 5) However, Relativity cannot predict the persistence of the induced v× B field of 1), when no relative motion exists between conductor and magnet. 6) The reason for the failure of special relativity in No. 1 is that it cannot tell the difference between a magnet with transversal edges and a magnet without them. This is due to the local nature of any field theory. 7) In contrast, Faraday-Maxwell's law of induction, especially as formulated by Neumann [12] in 1847 before Maxwell, can tell the difference between the presence and the absence of transversal magnetic edges, even at a distance. 8) All the induced effects obtained in this paper were proportional to the linear velocities of conductor IR and/or the magnets involved. Although accelerations were present, they did not directly influence the effects. 9) A laborious simulation of the induced curves via a differentiating amplifier technique [ Fig. 7(a) ] proved the previous point (Fig. 10) . Likewise, the RC R model of the circuit used [ Fig. 7(b) ] predicted well the intensities and shapes of the curves produced ( Fig. 11 ) and this at three different levels of output capacitance: 1, 5, and 22 μF. 10) The noninertial or quasi-inertial nature of the motions used is not a valid reason to deny the potential applicability of special relativity when edgeless racetrack magnets are used. In experiments with finite magnets, having transversal edges, subjected to similar quasi-inertial oscillatory motions, the theory could be beautifully applied. Equations (11)-(23) proved this applicability, predicting the correct results. 11) Drawing the ultimate consequences of the failure of special relativity when edgeless magnets are used as shown in this paper is left to the consideration of physical theorists and to philosophers of science interested in this matter. Historians might be fascinated by the fact that long before Maxwell, Neumann, working within the now forgotten camp of Amperian electrodynamics, could formulate a Law of electromagnetic induction, which seems more capable of predicting the experiments of this paper, certainly more so than the modification Heaviside did of Maxwell's equations to make them more adaptable to radiation theory. 12) Several practical aspects can spring from the results of this paper, namely: a) the importance of not overlooking the sources of the B field, their motions and finite or edgeless configuration; b) likewise, the importance of not ignoring the action/reaction forces between the sources and the charges or wires in the field points; c) last, but not least, it can be reiterated as done in [2] the practical uses the present edge theory can imply for: 1) nonrotating magnetic fields in astrophysics; 2) the prediction of geomagnetically induced electrical currents produced by solar storms and flares; and 3) the weakening of the internal pinch effect within plasma beams in fusion research.
